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Driven by low l EE 
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Fig. 1.— The improvement in parameter constraints for the power-law ΛCDM

model (Model M5 in Table 3). The contours show the 68% and 95% joint 2-d
marginalized contours for the (Ωmh2, σ8) plane (left) and the (ns, τ) plane (right).

The black contours are for the first year WMAP data (with no prior on τ). The
red contours are for the first WMAP data combined with CBI and ACBAR

(WMAPext in Spergel et al. (2003)). The blue contours are for the three year
WMAP data only with the SZ contribution set to 0 to maintain consistency
with the first year analysis. The WMAP measurements of EE power spectrum

provide a strong constraint on the value of τ . The models with no reionization
(τ = 0) or a scale-invariant spectrum (ns = 1) are both disfavored at ∆χ2

eff = 8 for

5 parameters (see Table 3). Improvements in the measurement of the amplitude
of the third peak yield better constraints on Ωmh2.

Spergel et al. 06

(and see Rachel Bean’s talk this 
afternoon)

Measuring τ via CMB polarization allows to break the most severe CMB TT 
degeneracy and impacts on other key parameters

Strong Inflation - reionization connection  for 
CMB interpretation 

However reionization is a complicated process whose physics is known but hard to compute
Can we learn about the detailed reionization history?
Can our ignorance bias the cosmological interpretation?

ns

τ



Is WMAP-3 sensitive to the details of reionization?
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Fig. 3.— WMAP constraints on the reionization history. (Left) The 68% and

95% joint 2-d marginalized confidence level contours for x0
e − zreion for a power

law Λ Cold Dark Matter (ΛCDM) model with the reionization history described

by equation 3 and fit to the WMAP three year data. In equation 3 we assume
that the universe was partially reionized at zreion to an ionization fraction of x0

e,
and then became fully ionized at z = 7. (Right) The 68% and 95% joint 2-d

marginalized confidence level contours for x0
e − ns where τ has been fixed to be

between 0.09 and 0.11. This figure shows that x0
e and ns are nearly independent

for a given value of τ , indicating that WMAP determinations of cosmological
parameters are not affected by details of the reionization history. Note that we
assume a uniform prior on zreion in this calculation, which favors models with

lower x0
e values in the right panel.

Universe partially reionized at zreion with a reionization fraction xeo 
fully reionized at z=7 as suggested by high z quasars (Fan et al. 05) 
and GRBs   (Totani et al. 05)

WMAP-3 in τ
(mean) = 0.093
±0.029  / peak = 
0.092

WMAP-3 conclusions are not sensitive to the details of  
reionization history



What about WMAP-8 and Planck?

5 different physically motivated models
Models 1-3 have the same 
A single step reionization history is enough for WMAP but not for Planck
Assuming a double step reionization scenario avoid any significant bias in measuring  
Uncertainties in reionization history limits τ measurement to σ(τ)=0.01

Holder et al., astro-ph/0302404



Outline

How external measurements can help us  
to control reionization effects?

Reionization effects in the CMB temperature

Probing kinetic Sunyaev-Zeldovich effect with 
gravitational weak lensing

Probing details of reionization cross-correlating 21cm 
temperature fluctuations with CMB temperature at degree 
scale



Reionization effects on the CMB

Damping: blending of photons from different line of sight

(Ignore scale dependence here)

Current numbers tell us we have a suppression by ~30% for l greater than 40
Makes it hard to measure absolute initial conditions normalization

Doppler effects

Cancellation along the line of sight due to variation in ve

Except larger scales: l~100

Reduced if modulations in np: Ostriker-Vishniac effect, kinetic Sunyaev-Zeldovich

Reduced if modulations in xe : Patchy reionization

see eg Knox & Haiman astro-ph/9902311 for a review

∆T
T

(n̂) = σT

Z η0

ηion

dη xe(x̂)np(x̂)n̂ · ve(x̂)



Reionization effects on the CMB

ISW

tSZ

kSZ

Rees-Sciama

Patchy
 Reionization?

WMAP 4yr

Doppler

Doré, Hennawi & Spergel et al. 04



Probing tau with kSZ

 zr = 7
 zr = 16.5
 zr = 21 & 7

Zhang et al. astro-ph/0304534

ACT error bars

In principle 1% measurement of kSZ allows a 3% determination of zr if all the 
other parameters are known

But degeneracy with σ8  that goes as zr ~(Ωbh)6 σ815 

But extra-uncertainties in extracting the kSZ (lensing, patchy reionization (same 
spectra), point sources) (SZ has a distinct spectra)...

(See also Albert’s talk)



Can gravitational lensing help?

ISW

tSZ

kSZ

Rees-Sciama

Patchy
 Reionization?

Soon to come CMB and WL survey will both achieve 
high signal to noise ratio on arcminute scale

CMB Weak-lensing

ACT/SPTPLANCK CFHTLS SNAP LSST



Can Weak-Lensing help probing the kSZ?

Dark Matter

Kinetic SZ

Martin White simulations



Nature of the kSZ-WL correlation

Isotropy of the velocity field implies that the two point vanishes

Lowest order non-vanishing correlation: 3 points function - 1point WL, 2 
points kSZ

Simplest 3 points function: collapsed statistic - condense 3 point function 
into easily measurable Cl

Filter temperature field before squaring in order to avoid spurious mode 
coupling



WL-kSZ technicalities
Cross power spectrum between kSZ2 and weak lensing is a ‘Limber’ 

projection of the hybrid 

Need to evaluate correlation between 5 fields at 3 points in k-space in the 
fully non-linear regime

Proceed by analogy with the kSZ auto-power spectrum (Ma & Fry 02)

Presume hybrid bispectrum is generated by bulk flows coupling to non-
linear three point density correlations  

(see also Hume Feldman and Simon Dedeo talk)



Correlation coefficient reaches ~ 0.8 at arcminute scales (l > 3000)
Probes dominant low-z contribution to the kSZ signal
Like thermal SZ, signal is a strong probe of σ8 with scaling Cl∝σ87

kSZ2-WL correlation

Angular Power Spectra Redshift dependance

Doré, Hennawi & Spergel et al. 04

WL
kSZ

kSZ2 x WL



kSZ2xWL signal to noise ratio

Text

CFHTLS x ACT / SPT

Total signal to noise ratio > 220 CFHTLS x ACT/SPT
Multiply by √40 for the entire SPT area 
S/N reaches 1.8 per multipole around l ~ 5000
Even with maximal patchy reionization (Santos et al. 2003) total S/N~50
Spurious correlation with tSZ residuals limits PLANCK x LSST. Total S/N would be ~ 1000

Doré, Hennawi & Spergel et al. 04



Why is kSZ2-WL interesting? 

Probe Hybrid Bispectrum: 

3-point coupling between dark matter and baryon momentum\
Sensitive to energy injection?
Bias of gas in densest regions
Study mode coupling of  gastrophysical processes

Strong probes of σ8

Isolates kSZ: WL won’t correlate with patchy reionization
Important since PR is uncertain by orders of magnitude and has same 

shape as kSZ
Test any other components

Specific Signature: Two point correlation vanishes                           but 
three point does not  



21cm emission at reionization

At the moment of reionization, 21cm hyperfine in HI transition will appear in 
emission (Ts>TCMB) or in absorbtion (Ts<TCMB) when viewed against the CMB 

Line transition thus well localized in z space

Fluctuations in temperature originate from variation in HII due to large scale 
fluctuations and details of radiation transfer

3

FIG. 1.— The brightness temperature of the 21 cm transition at several redshifts, as predicted by the “late reionization” simulation analyzed in Furlanetto et al.

(2003). Each panel corresponds to the same slice of the simulation box (with width 10h−1 comoving Mpc and depth ∆ν = 0.1 MHz), at z = 12.1, 9.2, and 7.6,
from left to right. The three epochs shown correspond to the early, middle, and late stages of reionization in this simulation. (For details about the simulations,
see Sokasian et al. 2001; Springel & Hernquist 2003a,b.)

an independent volume of the IGM. Comparing two maps
closely spaced in redshift therefore allows one to remove the
foreground component. We show in §5 how the foreground
sources can be modeled with our multi-frequency formalism.
In §6 we quantify how well their contamination can be re-
moved. We find that foregrounds are much less important than
previously assumed so long as the range of allowed spectral
indices for faint sources is similar to that already measured
for brighter sources. Finally, we estimate in §7 how well the
power spectrum can be measured with the next generation of
low-frequency radio telescopes, and we conclude in §8.
When necessary, we assume a ΛCDM cosmology with

Ωm = 0.3, ΩΛ = 0.7, Ωb = 0.04, H0 = 100h km s−1 Mpc−1

(with h = 0.7), and a scale-invariant primordial power spec-
trum with n= 1 normalized to σ8 = 0.85 at the present day.

2. 21 CM RADIATION FROM THE INTERGALACTIC MEDIUM

The optical depth of a patch of the IGM in the hyperfine
transition is (Field 1959a)

τ =
3c3h̄A10 nHI

16kν20 TSH(z)
(1)

≈8.6×10−3(1+ δ)xH

[
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2
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10
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Here ν0 = 1420.4 MHz is the rest-frame hyperfine transition
frequency, A10 = 2.85× 10−15 s−1 is the spontaneous emis-
sion coefficient for the transition, TS is the spin temperature
of the IGM (i.e., the excitation temperature of the hyperfine
transition), TCMB = 2.73(1+ z)K is the CMB temperature at
redshift z, and nHI is the local neutral hydrogen density. In the
second equality, we have assumed sufficiently high redshifts

such that H(z) ≈ H0Ω
1/2
m (1+ z)3/2 (which is well-satisfied

in the era we study, z > 6). The local baryon overdensity
is 1+ δ = ρ̄/ρ and xH is the neutral fraction. The radiative

transfer equation in the Rayleigh-Jeans limit then tells us that
the brightness temperature of a patch of the sky (in its rest
frame) is Tb = TCMBe

−τ +TS(1−e−τ). We define δT (ν) to be
the observed brightness temperature increment between this
patch, at an observed frequency ν corresponding to a redshift
1+ z= ν0/ν, and the CMB:

δT (ν) ≈
TS−TCMB

1+ z
τ (2)

≈ 23(1+ δ)xH

(

TS−TCMB

TS

)(

Ωbh
2

0.02
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mK.

Assuming that the radiation background includes only the
CMB, the H I spin temperature is (Field 1958)

TS =
TCMB+ ycTK + yLyαTLyα

1+ yc+ yLyα
. (3)

The second term describes collisional excitation of the hyper-
fine transition, which couples TS to the gas kinetic temperature
TK . The coupling coefficient is

yc =
C10

A10

T&

TK
, (4)

whereC10(TK)∝ nH is the collisional de-excitation rate of the
(higher-energy) triplet hyperfine level (Allison & Dalgarno
1969) and T& = 2πh̄ν0/k = 0.068 K. For TK ∼ 1000 K, the

coupling becomes strong when 1+ δ ! 5[(1+ z)/20]2. The
third term in equation (3) describes the Wouthuysen-Field ef-
fect, in which Lyα pumping couples the spin temperature to
the color temperature of the radiation field TLyα (Wouthuysen
1952; Field 1958). We note that TLyα = TK so long as the
medium is optically thick to Lyα photons (Field 1959b). Es-
sentially, the dipole selection rules allow a transition between
the two hyperfine levels of the ground state mediated by the
absorption and subsequent re-emission of a Lyα photon. The

Zaldarriaga, Furlanetto & Hernquist 06



21cm x CMB fluctuation

Cross-correlation vanishes if             is constant, i.e. we probe how 
quick or fast the structure growth and reionization proceeds

 Sign depends on direction of reionization, i.e. reionization and 
recombination

Pδδ(k) peaks at matter-radiation equality keq≈0.011Mpc-1(Ωmh2/0.15) 
that translates into a peak at l~100

4 Alvarez, Komatsu, Doré and Shapiro

Fig. 1.— Simplified schematic diagram illustrating the nature of the correlation between the Doppler and 21-cm anisotropies. Red arrows
pointing away from the observer indicate ionized gas falling into the positive density perturbation (represented by the black oval) from
the near side, whereas blue arrows represent ionized gas falling in from the far side. During reionization, there is more ionized gas on the
near side of the perturbation (at lower redshift) than on the far side. This implies that the net effect from this perturbation is a redshift
of the CMB in that direction (labeled as δDOP < 0). Because the sources responsible for reionization are located in halos which are very
biased relative to the underlying linear density field, the overdense region shown here is actually underdense in neutral hydrogen, so that
this overdensity represents a negative fluctuation in the 21-cm signal (labeled as δ21−cm < 0). Because both the 21-cm and the Doppler
fluctuations from a region that is undergoing reionization are both the same sign, the signature of reionization is a positive correlation,
while recombination (in which the situation is reversed for the Doppler signal) results in an anti-correlation. In reality, the growth of
fluctuations and the dependence of the density on redshift complicate the picture, so that the sign of the signal is determined not by the
derivative of the ionized fraction d[xe]/dz, but rather d[xe(z)(1 + z)3/2]/dz (see equation 23).

where r(z) = η0 − η(z) is the comoving distance out to an object at a given z. We obtain

l2C21−D
l (z) ≈ −TcmbT0(z)D(z)

[

4

3
xH(z)Pδδ

(

l

r(z)

)

− xe(z)Pxδ

(

l

r(z)

)]

∂

∂η
(Ḋτ̇e−τ ). (17)

In what follows we will use the exact expression given by equation (15) in our main quantitative results, while we will
retain the approximate expression given by equation (17) to develop a more intuitive understanding of the origin of
the cross-correlation. We have found that the exact expression gives results which are about 10% lower (at l ∼ 100)
than the approximate expression of equation (17) for the single reionization history we will use in § 3.4, while for
the double reionization history the exact result is smaller by about 40%. This is because the line-of-sight integral
in equation (14) acts to smooth out features in redshift, an effect which dissappears when the delta function is used
in the approximation. Since the double reionization model fluctuates much more strongly in redshift than the single
reionization model, the effect is more apparent for double reionization.

Equation (17) implies one important fact: the cross-correlation vanishes if Ḋτ̇e−τ is constant. In other words, the
amplitude of the signal directly depends on how rapidly structure grows and reionization proceeds, and the sign of
the correlation depends on the direction of reionization (whether the universe recombines or reionizes). Moreover, the
shape of l2Cl(z) directly traces the shape of the matter power spectrum at k = l/r(z). It is well known that P (k) has a
broad peak at the scale of the horizon size at the epoch of matter-radiation equality, keq $ 0.011 Mpc−1 (Ωmh2/0.15).
Since the conformal distance (which is the same as the comoving angular diameter distance in flat geometry) is on the
order of 104 Mpc at high redshifts, the correlation power spectrum will have a peak at degree scales, l ∼ 102.

3.2. Ionized Fraction–Density Correlation

While Pδδ(k) is a known function on the scales of interest here, the cross-correlation between ionized fraction and
density, Pxδ(k), is not. In order to understand its importance in determining the observable signal, we have estimated
its value on large scales. Since we give the full details of derivations in Appendix, we quote only the result here:

xe(z)Pxδ(k) = −xH(z) lnxH(z)
[

bh(z) − 1 − f
]

Pδδ(k), (18)

where bh(z) is the average bias of dark matter halos more massive than mmin,

bh(z) = 1 +

√

2

π

e−δ2

c
(z)/2σ2

min

fcoll(z)D(z)σmin
, (19)

Ḋτ̇e−τ

Naively expect anti-correlation since Doppler effect of the CMB 
caused by free electron 

Well localization of the hyperfine emission in z space should prevent 
cancellation along the line of sight 

Alvarez, Komatsu, Dore, Shapiro astro-ph/0512010



4 Alvarez, Komatsu, Doré and Shapiro
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pointing away from the observer indicate ionized gas falling into the positive density perturbation (represented by the black oval) from
the near side, whereas blue arrows represent ionized gas falling in from the far side. During reionization, there is more ionized gas on the
near side of the perturbation (at lower redshift) than on the far side. This implies that the net effect from this perturbation is a redshift
of the CMB in that direction (labeled as δDOP < 0). Because the sources responsible for reionization are located in halos which are very
biased relative to the underlying linear density field, the overdense region shown here is actually underdense in neutral hydrogen, so that
this overdensity represents a negative fluctuation in the 21-cm signal (labeled as δ21−cm < 0). Because both the 21-cm and the Doppler
fluctuations from a region that is undergoing reionization are both the same sign, the signature of reionization is a positive correlation,
while recombination (in which the situation is reversed for the Doppler signal) results in an anti-correlation. In reality, the growth of
fluctuations and the dependence of the density on redshift complicate the picture, so that the sign of the signal is determined not by the
derivative of the ionized fraction d[xe]/dz, but rather d[xe(z)(1 + z)3/2]/dz (see equation 23).
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In what follows we will use the exact expression given by equation (15) in our main quantitative results, while we will
retain the approximate expression given by equation (17) to develop a more intuitive understanding of the origin of
the cross-correlation. We have found that the exact expression gives results which are about 10% lower (at l ∼ 100)
than the approximate expression of equation (17) for the single reionization history we will use in § 3.4, while for
the double reionization history the exact result is smaller by about 40%. This is because the line-of-sight integral
in equation (14) acts to smooth out features in redshift, an effect which dissappears when the delta function is used
in the approximation. Since the double reionization model fluctuates much more strongly in redshift than the single
reionization model, the effect is more apparent for double reionization.

Equation (17) implies one important fact: the cross-correlation vanishes if Ḋτ̇e−τ is constant. In other words, the
amplitude of the signal directly depends on how rapidly structure grows and reionization proceeds, and the sign of
the correlation depends on the direction of reionization (whether the universe recombines or reionizes). Moreover, the
shape of l2Cl(z) directly traces the shape of the matter power spectrum at k = l/r(z). It is well known that P (k) has a
broad peak at the scale of the horizon size at the epoch of matter-radiation equality, keq $ 0.011 Mpc−1 (Ωmh2/0.15).
Since the conformal distance (which is the same as the comoving angular diameter distance in flat geometry) is on the
order of 104 Mpc at high redshifts, the correlation power spectrum will have a peak at degree scales, l ∼ 102.

3.2. Ionized Fraction–Density Correlation

While Pδδ(k) is a known function on the scales of interest here, the cross-correlation between ionized fraction and
density, Pxδ(k), is not. In order to understand its importance in determining the observable signal, we have estimated
its value on large scales. Since we give the full details of derivations in Appendix, we quote only the result here:

xe(z)Pxδ(k) = −xH(z) lnxH(z)
[

bh(z) − 1 − f
]

Pδδ(k), (18)

where bh(z) is the average bias of dark matter halos more massive than mmin,
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Ionized gas falling in from the far side

Ionized gas falling in from the near side

Correlation principles



Various models of reionization

The Doppler–21-cm correlation 7

Fig. 3.— (top and left panels) Peak correlation amplitude vs. redshift. Each panel is labeled with a different value of f which
parameterizes the uncertainty in the physics of reionization (see Appendix for the definition of f and detailed discussion). The most likely
value of f is somewhere between 0 and 1. The dotted line corresponds to the homogeneous reionization limit in which fluctuations in the
ionized fraction are totally ignored (Eq. [27]), while the thick line takes into account fluctuations in the ionized fraction (Eq. [26]). The
dashed line is the difference between the homogeneous reionization and the total signal. (bottom right) Evolution of xe with redshift. Note
that in all cases the reionization of the universe results in a positive correlation.

where zr is the “epoch of reionization” when xH(zr) = 1/2 and ∆z corresponds to its duration. In this case, one
obtains a fully analytic formula for the correlation power spectrum:

l2C21−D
l (z)

2π
! 58 µK2

[

4/3 + lnxH(z)
(

bh − f − 1
)] P [l/r(z), zN ](1 + zN)2

105 Mpc3

(

Ωbh2

0.02

)2 (

Ωmh2

0.15

)1/2

×xH(z)xe(z)

[

3

2
−

xH(z)(1 + z)

∆z

](

1 + z

10

)3/2

. (30)

In the homogeneous reionization limit, Pxδ ≡ 0, one gets l2Cl/(2π) ! −165 µK2 for z = 9 = zr and ∆z = 1/2, and
the amplitude of the signal scales as (1 + zr)5/2, as expected (see Eq. [28]). For an early reionization at zr = 15, the
homogeneous reionization model predicts l2Cl/(2π) ! −570 µK2.

The left panel of Figure 2 shows the absolute value of the predicted correlation power spectrum, l2C21−D
l /(2π), for

the homogeneous reionization model with z = 15 = zr and ∆z = 0.5. As we have explained previously, the shape
of l2|C21−D

l | exactly traces that of the underlying linear matter power spectrum, Pδδ. The right panel of Figure 2
shows the the redshift evolution of the peak value of the power spectrum at l ∼ 100, for different values of zr. As
discussed at the end of § 3.2, the reionization of the universe leads to an anti-correlation between the Doppler and
21-cm fluctuations. The magnitude of the signal increases with redshift when the duration of reionization in redshift,
∆z, is fixed (see equation (29)). We could instead fix the duration of reionization in time, ∆t, in which case ∆z
increases with redshift as ∆z ∝ (1 + z)5/2∆t; according to equation (28), therefore, the peak height in this case would
be approximately independent of redshift.

To gain more insight into how the prediction changes with the details of the reionization process, let us use a
somewhat more physically motivated model for the ionized fraction,

ln[1 − xe(z)] = −ζ0(z)fcoll(z). (31)

8 Alvarez, Komatsu, Doré and Shapiro

Fig. 4.— Same as in Fig. 2, but for a “double reionization” model in which the universe undergoes a brief period of recombination.
Note that in all cases the recombination epoch results in a negative correlation.

The ionized fraction increases monotonically toward low z when ζ0 does not depend on z. Using this model with
ζ0 = 200 and Tmin = 104 K, we calculate the cross-correlation power spectrum. Figure 3 plots the peak value of
l2C21−D

l as a function of z, showing the contribution from Pδδ, Pxδ, and the sum of the two (Eq. [26]). The bottom-
right panel shows the evolution of the ionized fraction predicted by equation (31). In this figure we explore the
dependence of the signal on the details of reionization by varying the parameter f . (See Appendix for the precise
meaning of f .) In all cases, the contribution from Pδδ is negative, whereas that from Pxδ is positive; because the halo
bias is relatively large for our fiducial case of Tmin = 104 K, with 4 < bh < 17 for 10 < z < 30, the Pxδ term dominates
over the Pδδ term, and the correlation is positive (see also Iliev et al. 2005). Increasing the value of f towards a more
recombination dominated scenario decreases the importance of the dominant Pxδ term, reducing the total amplitude
of the signal further. What happens when the universe was reionized twice (Cen 2003; see however Furlanetto &
Loeb 2005)? In Figure 4 we showed the case where the ionized fraction is a monotonic function of redshift. As seen
in the figure, there is a prominent correlation peak, regardless of the details of reionization process, encoded in f .
The situation changes completely when the universe was reionized twice. We parameterize such a double reionization
scenario using a z-dependence for Tmin(z) and ζ0(z):

ζ0(z) = ζi + (ζf − ζi)g(z) (32)

and
Tmin(z) = Ti + (Tf − Ti)g(z), (33)

where

g(z) =
exp [−(zcrit − z)/∆ztran]

1 + exp [−(zcrit − z)/∆ztran]
(34)

is a function that approaches zero for z > zcrit and unity for z < zcrit, with a transition of duration ∆ztran. We take
zcrit = 15, ∆ztran = 0.25, ζi = 100, ζf = 40, Ti = 103 K, and Tf = 104 K. In this case, the minimum source halo
virial temperature makes a smooth transition from 103 K at high redshift to 104 K at low redshift, as might occur if

“Standard” reionization Double reionization (Cen 03)



Remarks on the 21cm-CMB correlation

A (anti-)correlation between CMB and 21cm emission is 
expected

Sharp z localization prevents usual line of sight cancellation

It peaks at degree scale so that WMAP current maps are all 
you need

Linear theory appropriate here

Cross-correlation signal so in principle less sensitive to 
systematics

It allows unique features of reionization to be detected

SNR varies between 3 and 6 sigma for SKA (1yr) x WMAP



Conclusions

Precise control of reionization history is required/desired to extract the 
most of future CMB measurements

Correlation with external data-sets will allow this and provide 
valuable self-consistency checks

In particular, amongst others, we can expect 

a strong detection of the kSZ-WL correlation in the coming 5-10 
years

a detection of the 21cm-CMB correlation in 10 years with some 
specific z signals



FIN


